Based on the largest catalogs currently available, comprising 6090 contact binaries (CBs) and 2167 open clusters, we determine the near-infrared JHK s CB period-luminosity (PL) relations, for the first time achieving the low levels of intrinsic scatter that make these relations viable as competitive distance calibrators. To firmly establish our distance calibration on the basis of open cluster CBs, we require that (i) the CB of interest must be located inside the core radius of its host cluster; (ii) the CB's proper motion must be located within the 2σ distribution of that of its host open cluster; and (iii) the CB's age, t, must be comparable to that of its host cluster, i.e., ∆ log(t yr −1 ) < 0.3. We thus select a calibration sample of 66 CBs with either open cluster distances or accurate space-based parallaxes. The resulting near-infrared PL relations, for both late-type (i.e., W Ursae Majoris-type) and-for the first time-early-type CBs, are as accurate as the well-established JHK s Cepheid PL relations, (characterized by single-band statistical uncertainties of σ < 0.10 mag). We show that CBs can be used as viable distance tracers, yielding distances with uncertainties of better than 5% for 90% of the 6090 CBs in our full sample. By combining the full JHK s photometric data set, CBs can trace distances with an accuracy, σ = 0.05 (statistical) ± 0.03 (systematic) mag. The 102 CBs in the Large Magellanic Cloud are used to determine a distance modulus to the galaxy of (m − 
Introduction
Contact binaries (CBs), i.e., binary systems where both stellar components overfill and transfer material through their Roche lobes, are common among the field stellar population. Their population density in the solar neighborhood and the Galactic bulge is approximately 0.2%, while in the Galactic disk it is, on average, ∼0.1% (Rucinski 2006) . CBs are divided into early-and late-type systems; the latter are also known as W Ursae Majoris (W UMa) systems. It has been established observationally that the two binary components have similar temperatures but unequal masses, which is known as Kuiper's paradox (Kuiper 1941) . Therefore, Lucy (1968) proposed convective common-envelope evolution as the key idea of CB theory. The modern scenario is that CBs are formed through angular-momentum loss (AML ; Stȩpień 2006; Yıldız & Dogan 2013) .
Although CBs are some seven magnitudes fainter than Cepheid variables, within the same distance range their number is three orders of magnitude larger. Unlike Cepheids, however, which trace young ( 20 Myr-old) features, CBs map 0.5-10 Gyr-old stellar populations. Although RR Lyrae stars also trace structures older than 1-2 Gyr, very few RR Lyrae have been found in either open clusters (OCs) or the solar neighborhood.
Since Eggen (1967) 's seminal work, these considerations have led to a number of attempts at using CB period-luminosity (PL)-color (PLC) relations as potential distance indicators. Rucinski (1994) obtained a (widely used) PLC relation based on 18 W UMa-type CBs. Rucinski & Duerbeck (1997) improved their PLC relation based on 40 W UMa-type CBs using Hipparcos parallaxes with an accuracy in the corresponding distance moduli of ǫ M < 0.5 mag. Rucinski (2006) subsequently derived a CB luminosity function from the All Sky Automated Survey (ASAS) and explored the viability of a V -band PL relation. However, his PL relation exhibited only a weak correlation and was affected by large uncertainties.
Despite a large volume of new data, studies advocating W UMa-type CB PL relations as viable distance indicators have made little progress during the past decade. In addition to calibration inhomogeneities stemming from difficulties in dealing with extinction and the use of multiple studies based on a few objects at a time, the current impasse is predominantly caused by difficulties in distinguishing foreground and background CBs from genuine OC members. Since CBs represent old stellar populations, they need a comparably long formation timescale, so for a typical old OC with 500 stellar members, one or more of its CBs could be misidentified as a cluster member.
1 In denser environments, the potential contamination by field CBs is even more significant.
To address these difficulties conclusively, here we introduce a joined-up OC-CB analysis based on carefully considered proper-motion and age-selection criteria (Chen et al. 2015) . We have collected the largest CB sample currently available. We thus obtain the first truly viable near-infrared (NIR) CB PL relations, which are comparably accurate as the well-established JHK s Cepheid PL relations.
In Section 2, we summarize the theory underlying the CB PL relations. The method used to select OC CBs and obtain OC distances is discussed in Section 3. The resulting JHK s and V -band PL relations, as well as the corresponding period-color relations, are explored in Section 4. We discuss CBs as distance tracers and determine the distance to the Large Magellanic Cloud (LMC) in Section 5, followed by a summary of our main conclusions in Section 6.
Theoretical framework
From the equations governing contact binaries,
, and
a relationship between the distance modulus and other physical parameters (expressed in solar units) follows trivially,
where V max , M V , and M bol are the maximum and absolute V -band magnitudes and the bolometric magnitude of the binary system, respectively, 'BC' is the bolometric correction, T 1 , T 2 , m 1 , and m 2 are the temperatures and masses of both components, q ≡ m 2 /m 1 is the system's mass ratio, P its orbital period, A and R are the semi-major axis and the stellar radius (assuming blackbody radiation, which is an incorrect assumption for realistic stellar atmosphered but which has very little influence on our infal results), r 1 and r 2 are the radii cluster members, while one foreground CB was found among the 378 contaminants.
of both components in units of the semi-major axis, and the relative radius r, in the same units, is defined as
Since m 1 and q depend on the effective temperature, T eff , Rucinski (1994) suggested that the terms, 5 log r + log(m 1 ), may be omitted. Indeed, for 100 well-studied CBs with known parameters (Yıldız & Dogan 2013) , an obvious linear relationship is apparent between 5 log r + 5 3 log(1 + q) + 5 3 log(m 1 ) and log T eff . Therefore, a simplified PLC relation is indeed well established, taking the form L = a log P +b log(T eff )+ constant (where a and b are constants). By reference to the Cepheid PLC and PL relations, W UMa-type CBs are thus expected to follow a PL relation if they also exhibit linear period-color or luminosity-color relations. Similarly as for Cepheids, the resulting CB PL relations are more easily obtained at NIR wavelengths.
Period-Luminosity Relations
To establish the NIR PL relations, independent distance determinations are needed. First, we selected 20 of the 21 W UMa-type CBs with Hipparcos parallaxes characterized by distance-modulus uncertainties of ǫ M < 0.25 mag (Rucinski 2006) . The remaining system, TY Men, was excluded, since its light curve shows obvious unequal maxima, a signature of the O'Connell effect. Second, we collected a total of 6090 CBs with 10 ≤ V ≤ 14 mag, including 1131 and 5374 CBs from the General Catalog of Variable Stars (GCVS) and the ASAS Catalog of Variable Stars, respectively. In addition, we used the latest version of the DAML02 OC catalog (Dias et al. 2002 , version 2016 , which contains 2167 OCs.
Next, we considered individual publications focusing on CBs in a number of OCs, including NGC 188 (Zhang et al. 2004) , NGC 1245 (Pepper & Burke 2006) , NGC 2099 (Kang et al. 2007 ), NGC 2126 (Liu et al 2009 ), NGC 2158 (Mochejska et al. 2004 ), NGC 2204 (Rozyczka et al. 2007 ), NGC 2243 (Kaluzny et al. 2006) , NGC 2301 (Kim et al. 2001) , NGC 2539 (Choo et al. 2003) , NGC 2682 (Yakut et al. 2009 ), NGC 5381 (Pietrzynski et al 1997 ), NGC 6253 (De Marchi et al. 2010 , NGC 6259 (Ciechanowska et al. 2006) , NGC 6705 (Koo et al. 2007 ), NGC 6791 (De Marchi et al. 2007 ), NGC 6819 (Street et al. 2002 ), NGC 6866 (Molenda-Żakowicz et al. 2009 ), NGC 6939 (Maciejewski et al. 2008) , NGC 7044 (Kopacki et al. 2008) , NGC 7142 (Sandquist et al. 2011) , NGC 7789 (Mochejska &Molenda-Żakowicz09 Ka 1999), Berkeley 39 (Mazur et al. 1999) , Collinder 261 (Mazur et al. 1995) , and Melotte 66 (Zloczewski et al. 2007 ). These OC CBs contribute mostly to the faint end (V > 14 mag) of the CB luminosity function.
To obtain a sample of high-probability OC CBs and reduce foreground/background contamination, we applied three selection criteria (Chen et al. 2015) : (i) the CB of interest must be located inside the core radius of its host OC (Dias et al. 2002; Kharchenko et al. 2013 Kharchenko et al. , 2016 ; (ii) the CB's proper motion must be located within the 2σ distribution of that of its host OC; and (iii) the CB's age, t, must be comparable to that of its host OC, where one typically adopts ∆ log(t yr −1 ) < 0.3 (e.g., Anderson et al. 2013) . We adopted proper motions from the Fourth US Naval Observatory CCD Astrograph Catalog (UCAC4; Zacharias et al. 2013) , complemented with measurements taken from the PPMXL Catalog (Roeser et al. 2010) . Proper-motion selection is highly efficient in removing foreground CBs.
The evolution of CBs can roughly be divided into the detached, semi-detached, and contact phases. The mechanism that drives this evolution is thought to include Kozai cycles, accompanied by tidal friction (KCTF) and AML (Stȩpień 2006; Yıldız & Dogan 2013) . Tokovinin et al. (2006) found that 96% of field binaries with orbital periods P < 3 days include a third component. This third component tends to have a high inclination and can shorten the binary's orbital period through KCTF. The associated timescale is very short, approximately 50 Myr (Eggleton & Kiseleva-Eggleton 2006) . This mechanism becomes ineffective when the orbital period becomes shorter than approximately two days (Eggleton & Kiseleva-Eggleton 2006) . Fabrycky & Tremaine (2007) also found that the KCTF process dominates binaries with periods 2.0 < P < 3.0 days. When the orbital period drops to less than 2 days, AML become effective. AML through magnetic winds is also called 'magnetic braking;' its timescale is longer than 1 Gyr. Therefore, only the AML timescale is considered here. The timescale governing the detached phase is almost the same as the time spent on the main sequence, which is determined by the initial mass of the primary component. The modern scenario that CBs are formed through AML can explain many observations, including:
1. CBs are preferentially found in intermediate-age or old OCs -e.g., NGC 188: 5 Gyr (Chen et al. 2016) ; Berkeley 39: 6 Gyr (Mazur et al. 1999) ; Collinder 261: 6 Gyr (Mazur et al. 1995 ) -and they are very rare in young, ∼1 Gyr-old OCs. Pre-CB counterparts (semi-detached and detached binaries) are found in young OCs (Rucinski 1998 (Rucinski , 2000 .
2. the density of CBs is 0.2% in the Galactic bulge and the solar neighborhood, but it decreases to 0.1% in the Galactic disk (Rucinski 2006) . In relatively young environments, the fraction of CBs is low, while in old(er) environments this proportion increases. This means that the CB formation timescale is very long, comparable to the AML and nuclear-evolution timescales.
3. the CBs' short-period limit. Rucinski (2007) used the ASAS catalog to conclude that the short-period limit of CBs is 0.22 days. There may be a number of reasons for the appearance of such a limit: (i) CBs with effective temperatures below the fullconvection point are dynamically unstable (Rucinski 1992) ; (ii) the formation timescale for short-period CBs is longer than the long AML timescale (Stȩpień 2006) ; and/or (iii) mass transfer in low-mass CBs is unstable and these CBs can only exist for very short periods (Jiang et al. 2012 ). However, following Rucinski (2007) 's publication, 367 ultra-short-period binaries, with periods of less than 0.22 days, have been found in the Catalina survey (Drake et al. 2014 ). This survey focuses on sources located away from the Galactic disk. Upon application of our PL relations (see below) to 202 ultra-shortperiod CBs with Sloan Digital Sky Survey colors, we find that 200 are in located the thick disk or halo, with only two residing in the Galactic thin disk. In addition, in the Galactic bulge the ultra-short-period limit to the CB distribution is around 0.19 days (Soszyński et al. 2015) . Many shorter-period CBs are found in very old environments. This suggests that the long AML timescale may be the main reason for the shortperiod limit of CBs, since only this mechanism is directly related to the evolutionary timescale. We also speculate that the formation timescale of ultra-short-period (0.19 days) CBs may be close to the Hubble time.
4. the ultra-short period of detached binaries is around 0.09 days, which is significantly shorter than that for CBs (0.19 days) (Soszyński et al. 2015) . Detached binaries are less evolved, whereas at least one component of CBs has evolved quite significantly (all hydrogen has been converted into helium in the stellar core). Ultra-short-period binaries are composed of two low-mass components; low-mass stars are characterized by longer nuclear-evolution timescales. This suggests that CB formation is limited by the long timescales of both nuclear evolution and AML.
5. the period-age relation of CBs and semi-detached binaries (Bukowiecki et al. 2012) . Although period-age relations are not reliable for single CBs, a mean age-period relation (pertaining to a given cluster) may apply. If so, short periods are equivalent to lower luminosities (lower masses) and older ages.
OCs represent, to first approximation, single stellar populations. This means that all stellar members have the same age. The pre-CB evolutionary timescale must be shorter than their host open cluster's age (t cb < t cl ) in order for these binaries to become CBs. This suggests that high-mass eclipsing binaries can evolve into CBs on short timescales. We obtain the limiting mass, M 1,limit , of the initial primary components from the limiting evolutionary timescale, t cb = t cl . Yıldız & Dogan (2013) have derived an expression for t cb based on stellar evolution models, i.e.,
The pre-CB counterparts satisfying m 1,i > m 1,limit can evolve into OC CBs. Based on this m 1,limit and different m 2,i values, we can estimate the lower limit to the current masses and luminosities of our sample CBs. CBs with luminosities below this limiting luminosity are likely background stars. This (conservative) age-selection criterion (see Fig. 1 ) is based on 100 well-studied CBs from Yıldız & Dogan (2013) . Age selection is very effective in excluding background CBs. We checked whether the resulting PL relations would exhibit reduced scatter if we adopted tighter age constraints, but we did not find any difference. Among our sample OC CBs, two are characterized by 0.2 ≤ ∆ log(t yr −1 ) < 0.3 and three have 0.1 ≤ ∆ log(t yr −1 ) < 0.2. However, these five CBs are affected by large uncertainties and low weights in establishing the PL relations.
After application of all three selection criteria, 42 high-probability OC CBs remain. Next, we determined CB distances and reddening values based on their host clusters' properties. We collected the most recent results for every OC (see Table 1 ) and checked our results using NIR data from the Two Micron All Sky Survey (2MASS), where available.
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We used the main-sequence fitting technique based on the Padova isochrones (Girardi et al. 2000) , applied to the proper-motion-selected cluster members to estimate the distances and reddening values (Chen et al. 2015) .
Results
Our final CB sample consists of 42 OC CBs, four nearby moving-group CBs with well-determined distances, and 20 W UMa-type CBs with high-accuracy Hipparcos parallaxes: see Table 1 . Since the scatter in the PL relations decreases from V to K s (e.g., Madore & Freedman 1991) , we focus on the NIR PL relations. To establish the latter, we need access to the maximum JHK s luminosities. Since the light-curve shapes do not change significantly as a function of wavelength compared with, e.g., Cepheid variables (because the variations are caused by eclipses and the resulting BCs for the two binary components are negligible, given that they have similar temperatures), the maximum magnitude in a given band can be obtained by converting from single-epoch magnitudes to maximum luminosities using well-established light curves in the V band (taken from the literature). To reduce the effects of changes in the orbital period in our photometric conversions, for each CB we adopted the closest primary minimum epoch, T 0 , to the observed 2MASS epoch. The maximum uncertainties of this conversion include 10% of total amplitude and 10% of phase uncertainty. The uncertainties in the absolute magnitudes (see Table 1 ) are a combination of the distance-modulus error, the photometric error, the extinction error, and these two conversion errors. Table 1 :: Calibration sample of 66 CBs. M J (ϕ), M H (ϕ), and M Ks (ϕ) are the absolute magnitudes at phase ϕ, which can be converted to maximum magnitudes using mmax = mϕ − m adj . DM (distance modulus), E(J − H), and log(t) are the best parameters for each OC.
Contact Binary
Period Based on the 66 CBs in our calibration sample we obtain M late Jmax = (−6.15 ± 0.13) log P + (−0.03 ± 0.05), σ J = 0.09, log P < −0.25; M early Jmax = (−5.04 ± 0.13) log P + (0.29 ± 0.05), σ J = 0.09, log P > −0.25; M Hmax = (−5.22 ± 0.12) log P + (0.12 ± 0.05), σ H = 0.08; M Ks,max = (−4.98 ± 0.12) log P + (0.13 ± 0.04), σ K = 0.08.
(5)
These PL relations-shown in Fig. 2 -are as accurate as the JHK s PL relations for Cepheids based on OC distances (Chen et al. 2015) , which means that CBs can indeed be statistically competitive distance tracers to old stellar populations.
RR Lyrae also trace 1-2 Gyr-old stellar populations. However, their density is much lower than that of CBs. For instance, in the magnitude-limited ASAS survey, the number of RR Lyrae with V < 14 mag is 1450. This is only a quarter of the number of late-type CBs in our sample (5374) and similar to the numbers of both Cepheids (1182) and early-type CBs (1582). Some long-period Cepheids may not have been detected. However, RR Lyrae periods are in the range 0.2-1.0 days, i.e., similar to those of CBs.
The magnitudes of RR Lyrae range from K s = −0.5 mag to K s = +0.5 mag; CB magnitudes range from K s = −0.6 mag to K s = 4 mag (late-type CBs: 1 K s 4 mag). Early-type CBs (−0.6 ≤ K s ≤ 1.0 mag) are as bright as RR Lyrae and their number is roughly the same. CBs have as advantage that they trace intermediate-age environments (4-6 Gyr), while RR Lyrae represent the first choice to determine distances to old environments (older than 10 Gyr), such as old globular clusters.
The J-band PL relation is only reliable for late (W UMa)-type CBs; a small correction is needed for early-type CBs (for log P > −0.25; Rucinski 2006). The adjustment in the H band is less than the uncertainty; no correction is needed in the K s band. In optical bands, the differences between both types of CBs are more obvious on account of the period-color relation. Rucinski (2006) treated CBs with periods log P > −0.25 as early-type CBs and excluded them from his derivation of the late-type CB PL relation. Compared with late-type CBs, thus far the early-type CB PL(C) relation has been poorly studied, since the number of early-type CBs with accurate distance estimates has been limited. The theory underlying the early-type CB PL relation is not well-established compared with that pertaining to late-type CBs. Based on their periods, we infer that the initial primary components of early-type CBs, m 1,i , have higher masses compared to their counterparts in late-type CBs. For early-type CBs, when both components fill their Roche lobes, m 1 is still larger than m 2 , while late-type CBs undergo a mass reversal that leads to m 1 < m 2 when both components fill their Roche lobes. Early-type CB have longer periods and need shorter evolutionary timescales.
The period-color relation can help us quantify the accuracy when converting PLC to PL relations. Figure 3 shows the NIR period-color relations for our full sample of 6090 CBs, adjusted for extinction corresponding to A V = (0.54 ± 0.23) mag kpc −1 (see Fig. 4 ). We derived the latter trend from a statistical analysis of all 445 OCs with ages greater than 10 9 yr in the DAML02 catalog. The extinction per kiloparsec distance was derived for every OC; average values could then be obtained directly. A 1σ cut was applied to exclude OCs with unusually deviating extinction characteristics. Since it is hard to de-redden 6090 CBs one by one, this extinction correction was applied statistically since we care about correcting trends in the PL relation(s), not derivation of the real extinction affecting individual CBs. The A J , A H , and A K extinction values were taken from Rieke & Lebofsky (1985) . These corrections have little influence on the NIR magnitudes, but they are needed in the V band. 
for log(P day −1 ) < −0.25 (Eq. 6) and log(P day −1 ) > −0.25 (Eq. 7), respectively. These relations are almost independent of the PL relations of Eq. (5). A careful comparison shows that both sets of equations above are in good mutual agreement, although a correction to the early-type CB PL relation is required (as already discussed in the context of the PL relations). We show the curves resulting from application of modern, non-parametric regression techniques in Figs 3-5, which were obtained using the standard Matlab ksrlin This kind of approach is very useful when dealing with large-N sample data without having to make 'linear' assumptions; it allows us to detect non-linear features. This technique was applied to ensure that our linear fit is sufficient to cover the full distribution of our data points. The green dotted lines (in all three figures) are based on local linear regression techniques, while the black dash-dotted lines are based on smooth regression. These curves are comparable to our linear fits, considering the uncertainties, especially in the H − K s diagram. This implies that Eq. 6 are reliable period-color relations.
From our newly established JHK s PL relations, the V -band PL relation can be derived using the NIR distances. We adopted V max values from different literature sources, so large uncertainties caused by calibration inhomogeneities are inevitable for individual CBs. However, use of such a large sample makes their combination statistically more reliable by averaging out calibration differences, provided that the latter are not dominated by unrecognized systematic errors. The resulting V -band PL relation (see Fig. 5 ) is M Vmax = (−9.15 ± 0.12) log P + (−0.23 ± 0.05), σ V = 0.30(log P < −0.25), M Vmax = (−4.95 ± 0.13) log P + (0.85 ± 0.02), σ V = 0.35(log P > −0.25).
5. Discussion
Assumptions and error budget
In Table 1 and Section 4, we explained how we obtained the maximum NIR magnitudes for all of our 66 calibration CBs. In this section, we discuss the underlying assumptions we had to make and the overall error budget. One important assumption is that the NIR reddening law is universal. Another major assumption is that the differential reddening across the face of each cluster is small, so that for a given OC CB we can adopt its host cluster's reddening. Since these OCs and CBs are affected by only little extinction-for most, E(J − H) < 0.1 mag-the anticipated influence imposed by these effects can indeed be ignored. A third main assumption we made is that most CBs are only affected by small period changes, if any. We adopted the closest primary minimum epoch, T 0 , to the observed 2MASS epoch to avoid any effects caused by period changes. Our final key assumption is that the light-curve shapes do not change significantly as a function of wavelength. These latter two assumptions will contribute 10% uncertainties to both the total amplitude and the phase uncertainty for a given CB. The overall error includes the uncertainty associated with the distance modulus, σ DM , obtained using either parallaxes or the OC main-sequence fitting method, the photometric error, σ pho , the extinction-correction error, σ ext , and the uncertainty caused by converting single-epoch magnitudes to maximum magnitudes, σ conv . The maximum overall error σ = σ DM + σ pho + R filter σ ext + σ conv , where R filter is the total to selective extinction (i.e., the extinction law) for a given filter. These uncertainties are reported in Table 1 .
Previous PLC or PL relations
Rucinski (1994) derived a widely used PLC relation for late-type CBs. Subsequently, Rucinski (2006) tried to derive a PL relation based on 21 nearby, late-type CBs with accurate Hipparcos parallaxes; within the significant uncertainties, only 11 of his 21 objects followed the resulting PL relation, V = (12.0 ± 2.0) log P + (−1.5 ± 0.8). Our PL relation is much shallower. This difference can be easily understood. Rucinski (1994) 's PL relation was based on only 10 objects, a sample where the CB with the shortest period (VW Cep; log P = −0.55) determined the slope. In our period-color relation (Fig. 5) , the slope is constrained by a large number of intermediate-period CBs (−0.5 < log P < −0.3, in days) and not by their short-period (log P < −0.55) counterparts. In addition, both short-and longperiod (log P > 0.1) CBs are affected by sampling incompleteness, which is caused by the obvious cut-offs at log P = −0.6 and log P = 0.2, respectively. The short-period cut-off is driven by the long formation timescale of faint CBs (longer than the age of the Milky Way), while long-period CBs easily lose their angular momentum because of the convective nature of the stellar surfaces. The latter determines the upper limit to the initial stellar mass and, hence, the upper limit to the period. To correct the Rucinski (2006) PL relation for potential selection effects, we applied weights to his data as a function of orbital period, using the magnitude uncertainty. We plotted the orbital-period distribution in 0.01 dex bins, and we calculated the probability ξ i in each bin. If n of Rucinski (2006) 's CBs are located in a given bin, the probability weights of these CBs are ξ i n . We next consider the uncertainties, σ M , in the absolute magnitudes of these CBs. The final weight is ξ i nσ M 2 , for each CB. The revised PL relation based on the Rucinski (2006) 's data thus corrected is V = (−11.4 ± 1.7) log P + (−1.2 ± 0.8) mag, which is indeed close to our result. If we exclude TY Men, the newly revised PL relation becomes V = (−10.5 ± 2.2) log P + (−0.9 ± 1.0) mag, which is even closer to our result.
NIR PL relation accuracy
Most recent studies using Cepheids as distance tracers are based on NIR PL relations. They are more accurate and significantly less sensitive to extinction and metallicity variations than V -band PL relations. In this paper, we derived the first PL relations for bright, early-type CBs, which allows the application of CBs to trace features at greater distances compared with the use of the late-type CB PL relation. This study has thus made CBs a viable distance tracer pertaining to old environments. Combining the JHK s PL relations, we derived the distances to our full sample of 6090 CBs. The resulting accuracy is high: 90% of our sample CBs have distance errors of less than 5%, and 95% have distance uncertainties of less than 10%. The remaining 5% may be CBs with poor-quality photometry, CBs affected by complicated differential extinction (or severe reddening), or objects that have been misidentified as CBs. The latter include small-amplitude RR Lyrae and ellipsoidal binaries.
We will now evaluate the accuracy in distance as determined by our NIR PL relations. By combining all three NIR PL relations, the statistical uncertainty will decrease to 0.05 mag. The systematic error includes the zero-point errors in the PL relations, the reddening error, the metallicity error, and the photometric uncertainties. Since our PL relation relies on the distances to our sample OCs and on the parallaxes, zero-point errors were introduced by the method we used for distance determination. The distance-modulus uncertainties of the 17 sample OCs for which we obtained distances in this manner (see Table 1 ) are 0.1-0.2 mag and the average distance-modulus error associated with the 20 CBs in our sample for which we have access to Hipparcos parallaxes is 0.137 mag. The average of the combined sample of 18 distances is σ = 0.138 mag and so the error in the zero-point is σ √ n = 0.032 mag. As for the reddening uncertainty, the NIR reddening error is very small compared with those in optical bands, with A J /A V = 0.282, A H /A V = 0.175, A K /A V = 0.112 (Rieke & Lebofsky 1985) . More than half of our CBs are nearby CBs, and they have a reddening corresponding to E(B − V ) < 0.08 mag. Even if the R V = 3.1 reddening law would need to be adjusted by 25%, the NIR reddening error would still be less than 0.01 mag. Although the reddening may still contribute to the statistical error, it is not a significant contributor to the systematic error.
The metallicity error is caused by the different metallicities of the CBs used to derive the PL relation, which could potentially result in a PL relation that depends on metallicity. To evaluate this possibility, a relation between ∆M and [Fe/H] must be established, where ∆M is the deviation of the observed absolute magnitudes to the predicted absolute by PL relation. Fortunately, for 48 of our 66 calibration CBs we have access to direct metallicity information (Rucinski et al. 2013) or to metallicity measurements obtained for their host OCs (Dias et al. 2002) . All of the latter metallicities were obtained from the latest available They only included CBs with long periods (log P > −0.2). To select CBs that can be used as distance tracers, we adopted the period-color selection of Eq. (8) and Fig. 3 . We derived a color cut at (V − I) 0 = (0.41 ± 0.21) mag using the transformation equations of Bessell et al. (1998) . We imposed a period selection of −0.13 < log P < 0.2, where the upper limit is at the long-period end of the CB distribution and the lower limit is the magnitude limit for detecting LMC CBs. This led to a final sample of 102 LMC CBs, resulting in a distance modulus of (m − M V ) 0 = 18.41 ± 0.20 mag. This is first distance to the LMC that was determined based on CBs. It is fully consistent with the current best LMC distance modulus (de Grijs et al. 2014) , (m − M) 0 = 18.49 ± 0.09 mag. Figure 5 shows that the LMC CBs follow the same PL relation as their counterparts in our Galaxy. Previous studies of large samples of eclipsing binary systems in the LMC (Muraveva et al. 2014; Pawlak 2016) did not find a clear PL relation, since they did not correct for the prevailing period-color relations.
Summary
We collected CBs in OCs and CBs with accurate Hipparcos parallaxes. Our full sample contains 6090 CBs from the GCVS and ASAS surveys, while the OC sample contains 2167 OCs. To exclude foreground and background CBs, (i) the CB of interest must be located inside the core radius of its host OC; (ii) the CB's proper motion must be located within the 2σ distribution of that of its host OC; and (iii) the CB's age must be comparable to that of its host OC, ∆ log(t yr −1 ) < 0.3. We thus selected 42 high-probability OC CBs. Combined with four nearby moving-group CBs and 20 W UMa-type CBs with accurate Hipparcos parallaxes, a sample of 66 CBs is used to determine the JHK s PL relations. The latter yield distances that are as accurate as those resulting from the JHK s Cepheid PL relations (σ < 0.10 mag).
NIR PL relations for early-type CBs are obtained for the first time. To check the reliability of our PL relations, the CB period-color relations are also investigated. These can be used to exclude unreliable CBs. We discuss the potential of CBs as distance tracers and find that they can determine distances to 5% uncertainty for 90% of the objects in our full sample. We also discuss the overall uncertainty associated with using CBs as distance tracers and we derive a value of σ = 0.05 (statistical) ± 0.03 (systematic) mag. The 102 CBs in the LMC satisfying our period-color selection are used to determine an LMC distance modulus of (m − M V ) 0 = 18.41 ± 0.20 mag. 
